We present simulations of the formation and evolution of galaxy clusters in the Cold Dark Matter cosmogony. Clusters with a wide range of mass were selected from previous N-body models, and were resimulated at higher resolution using a combined N-body/Smooth Particle Hydrodynamics code. The e ects of radiative cooling on the gas are neglected. While many present-day clusters are predicted to be undergoing mergers, the density pro les of those that are approximately in equilibrium are all very similar, both for the gas and for the dark matter. These pro les show no sign of a uniform density core and steepen gradually from the centre outwards. The standard -model is a reasonable t over most of the radius range observable in real clusters. However, the value obtained for the slope parameter f increases with the outermost radius of the t. Temperature pro les of di erent simulated clusters are also similar. Typically the temperature is almost uniform in the regions which emit most of the X-ray ux but drops at larger radii. The gas temperature and dark matter velocity dispersion in equilibrium clusters give values of T m p 2 DM =kT which are consistent with unity provided an X-ray emission-weighted temperature is used. Larger values of T are found in merging objects where there is a transient boost in the velocity dispersion of the system. Thus T > 1 may be an observational indicator of merging in real clusters. The similar structure of clusters of di ering mass results in scaling relations between the X-ray and dynamical properties of clusters identi ed at any given redshift. These scalings are inconsistent with the observed slope of the luminosity-temperature relation or the observed sense of evolution of the cluster luminosity function. This suggests that the central properties of the intracluster medium are determined by non-gravitational processes such as radiative cooling or substantial pre-heating at high redshift.
INTRODUCTION
The dynamical timescales characteristic of galaxy clusters are a large fraction of the age of the Universe. As a result, cluster formation is an ongoing process which can be observed directly in nearby systems, and many properties of the initial conditions from which clusters formed are still visible in their present structure and dynamical state. Detailed theoretical study of cluster evolution requires modelling the dynamically dominant dark matter, the hot X-ray emitting intracluster gas and the population of cluster galaxies. Although the behaviour of these three components is strongly coupled, theoretical studies of galaxy clusters have progressed by stages, focussing in the rst instance on the evolution of the dark matter and on the dynamics of an unevolving galaxy population. Only in the past few years has detailed modelling of the dynamics of the intracluster gas become possible.
The simplest model which might capture the essential gas dynamics of cluster formation is one in which a nonradiative ideal gas moves in the evolving gravitational eld of the dissipationless dark matter. This approximation may miss some essential physics; although the radiative cooling time exceeds the Hubble time for most of the gas in observed clusters, much of their X-ray emission often comes from a central region where the opposite inequality holds . In addition, heating and cooling within the smaller but denser clumps which were the precursors of observed clusters could have substantially altered the thermodynamic state of the gas. Nevertheless, it is clear that a detailed understanding of the simple problem is a prerequisite for studying more realistic (but inevitably more complex) situations. This problem also provides a suitable testbed for assessing the reliability of the simulation techniques which are increasingly being used to investigate cluster evolution.
A crude but useful analytic model for cluster formation assumes spherical symmetry and follows accretion onto an initially overdense perturbation. Each shell expands to a maximum radius, turns around and falls back onto the perturbation. Shells of dark matter pass through the centre and then oscillate within the nonlinear body of the cluster, while infalling gas shells encounter an outwardly moving accretion shock which thermalizes their kinetic energy. Inside this shock the gas is approximately in hydrostatic equilib-rium. Bertschinger (1985) gives a similarity solution for the density and temperature structure of the two components in the particular version of this infall problem which was originally set out by Gunn and Gott (1972) .
If the structure of all clusters is similar, as is expected in the above model, then simple scaling relations can be derived for the characteristic properties of clusters which formed from a scale-free spectrum of initial density uctuations (e.g. White 1982) . Each cluster present at redshift (2) Kaiser (1986) used these relations to make detailed predictions for the evolution of the cluster population.
More recent data have shown that these scaling relations fail in a number of important respects. For example they imply L X / T 2 which is atter than the observed relation, L X / T 2:7!3:5 (Edge and Stewart 1991a,b, Henry and Arnaud 1991) . Furthermore, at xed temperature or mass the X-ray luminosity is predicted to be larger at earlier times, giving rise, for realistic cluster mass functions, to an increase in the comoving number density of bright clusters with redshift (Kaiser 1991 , Blanchard et al. 1992 , Bartlett and Silk 1993 . Current data imply just the opposite trend (Edge et al. 1990 , Gioia et al. 1990 , Bower et al. 1994 . As Kaiser (1991) and Evrard and Henry (1991) pointed out, better results are obtained if the intracluster gas is assumed to have been heated to high entropy prior to cluster collapse (perhaps by energy injected during galaxy formation) and to have evolved adiabatically thereafter. (Evrard and Henry 1991) , so that L X / T 11=4 , independent of redshift.
In recent years several studies have used N-body/hydrodynamic codes (both Lagrangian and Eulerian) to simulate the evolution of the intracluster medium in the nonradiative limit (Evrard 1990a,b; Thomas and Couchman 1992 , Kang et al. 1994 , Bryan et al. 1994 . This work relaxed the assumption of spherical symmetry and assumed instead that clusters form from a Gaussian random eld of initial density uctuations. In some cases, the nal con gurations look remarkably like real clusters: the temperature distribution is approximately isothermal throughout the body of the cluster and the gas density is well t by the \ -model" often used to characterize observed clusters. However, not all simulations give the same results. For example, Thomas and Couchman's cluster has a steeper temperature gradient and a signi cantly di erent density pro le than those in Evrard's simulations. In addition, there is no consensus on the basic issue of whether the simulations obey the expected scaling relations. For example, the total X-ray luminosity of the rich cluster simulated by Evrard (1990b) seems to increase with time, while the cluster population in the simulations of Kang et al. (1994) and Bryan et al. (1994) deviates dramatically from the scaling behaviour predicted in eqns (1) and (2).
In this paper we present new N-body/hydrodynamic simulations designed speci cally to explore the simple nonradiative model, including the case where the gas is initially preheated. Our aims are twofold. We wish to test the applicability of the scaling laws in models with realistic cosmological initial conditions and realistic hydrodynamics. We also wish to use the relatively simple behaviour expected theoretically in this case to assess the reliability and the limitations of our numerical techniques. Our initial conditions assume a universe dominated by cold dark matter, the paradigm of hierarchical clustering theories. We focus primarily on the evolution of the distributions of gas and dark matter within our clusters. We also examine in some detail the well-known \ -discrepancy" in clusters, and we assess the reliability of cluster mass estimates based on X-ray data. Our simulations are similar to but have better spatial resolution than those presented by Evrard (1990a,b) and Thomas and Couchman (1992) .
The rest of this paper is organized as follows. In Section 2 we describe our numerical methods and the parameters of our models. In Section 3 we discuss the evolution and the internal structure of our clusters, we compare them with Bertschinger's (1985) spherical accretion model, and we check how well they obey a similarity scaling. In Section 4 we compare our models with real clusters and we discuss the -discrepancy. In Section 5 we describe simulations with pre-heated gas. Finally, we summarize our results in Section 6.
THE SIMULATIONS 2.1 The Code
Our code is designed to follow the evolution of a mixture of collisional and collisionless uids in three dimensions. It is based on the Smooth Particle Hydrodynamics (SPH) technique and uses a nearest-neighbour binary tree to compute gravitational forces. It is fully Lagrangian, free from symmetry restrictions, and has a large dynamic range. It is thus well suited to the study of irregular systems with structure on a wide range of scales.
SPH is a Monte Carlo technique which represents a gas by \particles" which are used as interpolation centres for the computation of thermodynamic quantities and their gradients. Each particle is assigned a mass, a density, and a temperature; pressure is then obtained from an equation of state and gradients are estimated by convolving the particle distribution with appropriate kernel functions. In this paper we assume an ideal gas, p = ( 1) u, where p, u, and denote pressure, speci c internal energy, and density respectively; we take = 5=3. Arti cial viscosity terms in the equations of motion allow a crude but energetically consistent representation of shocks. In our code gravitational forces between particles are softened using a spline kernel of the same form as the interpolation kernel, although the corresponding softening length is set independently and is kept constant in time. Collisionless (dark matter) particles move under the in uence of gravity alone. Excellent reviews
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Simulations of X-ray clusters 3 of SPH can be found in and Monaghan (1992) , a description of the binary tree we use is in Benz et al. (1990) , our particular implementation of SPH and several tests of our code are described by , and technical descriptions of SPH as applied to cosmological problems are given by Evrard (1988) and Hernquist and Katz (1989) .
Initial Conditions
The clusters we have studied were selected from the cosmological N-body simulations carried out by Frenk et al. (1990) . These simulations modelled cubic regions, 360 Mpc on a side, within an = 1, h = 0:5 CDM universe. (All physical quantities quoted here assume h = 0:5.) Six dark matter clumps with one-dimensional velocity dispersions ranging from 400 to 1300 km/s were chosen at an output time when the rms linear overdensity in a sphere of radius 16 Mpc took the value, 8 = 0:63. The particles in each of these clumps were traced back to the initial conditions (1 + z i = 4:74) and a cubic region containing all of them was de ned. This region was then lled with 10648 new particles on a cubic grid which were perturbed using the original waves of the Frenk et al. initial conditions, plus additional waves chosen to represent the CDM power spectrum between the original resolution limit and the Nyquist frequency of the new particle grid. To ensure that each cluster in our new simulations is represented by approximately the same number of particles, we chose the size of this \high-resolution box", L, as indicated in Table 1 . The distribution of mass outside the high-resolution region was modelled by 6000 particles of radially increasing mass using a technique similar to that described by Katz and White (1993) . Overall, this procedure extends the dynamic range in mass of the original simulation by a factor of 20 for the most massive cluster and 660 for the least massive cluster. Evolving our initial conditions with an N-body code we are able to recover the clumps in the original low resolution simulations, but new small-scale substructure, arising from the additional high frequency waves, is sometimes noticeable.
Within our high resolution region we placed a gas particle on top of each of the dark matter particles and gave it a very low temperature ( 15 K). This ensures that gas dynamical e ects do not become important until the rst nonlinear structures form. The mass of a gas particle, mgas, is determined by the baryon fraction b which we took to be 0:1. (Note that since cooling is not included, our results can, to a good approximation, be directly scaled to other values of b .) The gravitational softening, hg, was set equal to 100 kpc in all cases. Numerical parameters for all our simulations are listed in Table 1 . The symbols will be de ned in the text when they are rst mentioned.
In addition to our six standard runs, labelled CL1-6, we ran three further simulations in which the gas was \pre-heated" at z = 3. This was accomplished by raising the temperature of each gas particle so as to give a uniform speci c entropy, s = ln (T= 2=3 ), equal to the speci c entropy at the centre of CL1, our most massive cluster, at z = 0. Our three \preheated" models are labelled EP1 to EP3 in Table 1 and have the same initial conditions as the standard models CL1, CL3, and CL5 respectively. Simulations CL1 3 and CL1=2 use the same initial conditions as that of run CL1, but the total number of particles has been increased by a factor of 3 and decreased by half, respectively.
Estimates of X-ray luminosity and code units
The bolometric X-ray luminosity of a cluster is given by the volume integral of the emissivity,
where L(T) = n 2 (T). Here, the gas number density, n = = mp, where mp is the proton mass, = 0:6 for a fully ionized primordial plasma (Spitzer 1978) , and (T) is the cooling function which, at the temperatures relevant to rich clusters, can be well approximated by 6) where mg is the mass of a gas particle, and i and T i are the density and temperature (in keV) at the position of the i-th gas particle. Physical quantities from the simulations can be consistently rescaled to other situations by changing the values of mu and du. The numbers quoted throughout this paper correspond to mu = du = 1.
RESULTS

3
.1 Evolution Figure 1 shows the evolution of the distributions of dark matter and of gas in CL1, our most massive cluster. Overall, the two distributions look very similar although, as discussed below, there are signi cant di erences of detail. The 11-AUG-94 4 Navarro, Frenk and White cluster grows primarily through mergers, as predicted by the analytic model originally due to Press and Schechter (1974) , and extended by Bond et al. (1991) and Bower (1991) . At z = 0:84 and 0:40, the fraction of the present mass of the cluster that is in clumps (identi ed using a friends-of-friends algorithm) of more than 100 particles is 0:48 and 0:75, respectively, compared with 0:37 and 0:68 predicted by the analytic Press-Schechter theory. Increasing the number of particles of the simulation by a factor of three (run CL1 3) brings these numbers down to 0:45 and 0:73, improving the agreement with the analytic model. At each stage gas collapses into clumps with the dark matter and is shock-heated to the relevant virial temperature. This hierarchical growth continues to the present and results in signi cant irregularity in our nal clusters. Figure 2 shows the nal con guration of the gas in clusters CL2-CL6. In several cases, substructure is still clearly discernible and some of the clusters have massive companions nearby. The rate at which mass is added to the clusters is illustrated in Figure 3 . We plot the evolution of the dark mass within a sphere of current mean overdensity of 200. At each time we centre this sphere on the most massive clump present. The curves are normalized to the mass M 200 contained at the nal time, and di erent symbols correspond to di erent simulations. Mergers stand out in this plot as sudden jumps in mass. As expected in an = 1 universe, the formation of rich clusters is a very recent phenomenon. Half the clusters in Figure 3 have doubled their mass since z = 0:2, and most have undergone substantial mergers since that time. This explains the substantial irregularity seen in Fig. 2 . As pointed out by Forman and Jones (1990) , a large fraction of real X-ray clusters show signi cant substructure. Several authors (eg Richstone et al. 1992 , Lacey and Cole 1993 , Kau mann and White 1993 , Evrard et al. 1994b have noted that this argues in favour of a high value of 0 . Figure 4 shows the evolution of the thermodynamic properties and the X-ray luminosity of the intracluster gas. The gas which ends up near the median radius of a cluster typically reaches high density as the rst resolved structures form; its average density remains essentially constant thereafter (dotted lines). The same is almost true for the gas which ends up in a cluster core; its mean density increases only slightly with time after the initial phase of evolution (solid lines). The mean density of the gas which ends up in the outer regions actually declines slowly over most of the evolution (dashed lines). The mean temperature of the gas which ends up in each of the three regions shows a slow but steady increase due to adiabatic compression and shock-heating. The shocks caused by accretion and mergers tend to be mild because the relative speeds are generally not highly supersonic. This is particularly so in the central regions where the entropy increases only slowly after the collapse of the rst subclumps. In the outer parts shocks due to recent mergers are more e ective in raising the entropy. The X-ray luminosity is determined primarily by the gas density near the core and depends only weakly on temperature (eqs 4-6). On average it changes little after z = 1, but it uctuates whenever a merger drives oscillations in the central density. (These can have amplitudes of up to a factor 3.) After a merger the X-ray luminosity is generally slightly higher than the combined luminosity of the progenitors.
The results shown in Figure 4 are similar to those of previous simulations (see e.g. Figure 1 of Thomas and Couchman 1992 and Figure 4 of Evrard 1990b). Notice, however, that they do not seem consistent with the predictions of the simple scaling laws we gave in the Introduction. For example, these predict the luminosities of clusters to decrease with time. We now investigate in detail the internal structure of our clusters and compare their properties and evolution with the predictions of the spherical infall model and the self-similar scaling relations.
Density pro les
At the present epoch several of our clusters have substantial substructure within the virial radius which re ects recent mergers (see Figure 2) . In the present section we wish to study the \equilibrium" state of clusters. Hence for those clusters with signi cant substructure at z = 0 we consider slightly earlier epochs when the most recently accreted massive clump was still outside the virial radius. In all cases we can choose such a time at z < 0:2. The results presented in this and the following two subsections refer to these \equi-librium" con gurations. It is important to note that they cannot be considered typical of nearby clusters. Rather they
11-AUG-94
Simulations of X-ray clusters 5 are typical of nearby regular clusters, which may be a minority of all clusters.
Density pro les averaged over spherical shells are shown for the gas and the dark matter in Figures 5a and 5b respectively. The center of each system was de ned by an iterative procedure that computes the center of mass inside a spherical region and then shrinks that spherical region until about 100 particles are left. This picks up the center of the most massive clump in the volume of interest. The two components have similar pro les which are poorly described by a single power-law. Their logarithmic slope steepens from 1 near the centre to 3 at large radius. There is no evidence for a constant density core outside the region where the gravitational softening is important. (At twice the softening radius the density in all clusters has dropped by at least a factor of two from its value at hg.) Scaled density pro les for the six clusters are shown in Figure 6a . Here we plot overdensity (density divided by the mean density of the universe at the time when the cluster is identi ed) as a func- Table 2 . (Note that while the slope of the outer pro les is quite well determined, the values of rc and 0 are a ected by poor resolution near the centre and have highly correlated uncertainties.) While the -model has traditionally been used to describe cluster density pro les, it has little theoretical justi cation and is not a very good t to the inner regions, particularly for the dark matter. A better t to the dark at small radius in agreement with our best resolved models and with the much higher resolution simulations of Dubinski and Carlberg (1991) .
The thick dotted lines in Figure 6b show Bertschinger's (1985) self-similar infall solution. This describes spherical accretion of collisionless and collisional uids onto a point mass in an otherwise unperturbed Einstein-de Sitter universe. It predicts / r 9=4 at small radius. The simulated pro les are somewhat shallower than the similarity solution, particularly for the dark matter. This is not completely surprising, for pro les shallower than / r 9=4 have already been found in several analytic and numerical works (Fillmore and Goldreich 1984 , Quinn et al. 1986 , Ho man 1988 , and Efstathiou et al. 1988 ). The discrepancy is most marked near the centre where the simulated pro les fall well below Bertschinger's solution. This appears to be a genuine disagreement since it persists to radii several times the softening length in our best resolved clusters. However, still higher resolution simulations are needed for a de nitive determination of central cluster pro les.
The scaled density pro les of the largest progenitors of the CL1-CL6 clusters at z = 1 are shown in Figure 7 . Beyond the region dominated by the gravitational softening, these pro les are very similar to those at z = 0, which are illustrated by the thick solid lines. (Note that the slopes are the same in these regions; the small o set is due to our de nition of r 200 , which forces all the curves to encompass the same mass within this radius.) Near the center, the similarity breaks down, due to the smaller number of particles per cluster (up to a factor of ten), and to the fact that the gravitational softening is now a much larger fraction of r 200 .
As a result, the central overdensities are on average about three times lower than at z = 0. This can lead to systematic underestimation of physical quantities that depend crucially on the central properties of the clusters, such as the X-ray luminosity (see x3:6 below).
Although the gas and dark matter pro les appear very similar in Figure 6 , the gas is actually slightly more extended than the dark matter. Inside r 200 the gas fraction gas is always smaller than the global value of 0.1 (see Table 1 ). This di erence is also apparent in the ratio of the half mass radii of the gas and dark matter, Rgas=R DM , which, as noted in Table 1 , is typically greater than unity. (Note that these radii are determined relative to the total mass within r 200 .) This property reinforces the conclusion of White et al. (1993) that the large gas fractions observed in real clusters cannot be reconciled with the much smaller global fraction expected from Big Bang nucleosynthesis considerations in 11-AUG-94 6 Navarro, Frenk and White an = 1 universe.
The segregation between dark matter and gas results from the di erent behaviour of the two components during a merger. Shocks prevent colliding gas distributions from interpenetrating. This produces a transient o set between gas and dark matter and a net transfer of energy and angular momentum to the gas . The e ect can be illustrated by following the mean properties of the particles that end up in the core of a cluster, de ned to be the region containing the inner 10% of its mass. The trajectory of each cluster core from z = 1 to z = 0 is shown in the density-temperature or density-velocity dispersion plane in Figure 8 . The upper dotted line shows the track corresponding to isentropic gas, gas / T 3=2 , while the lower dotted line corresponds to constant phase-space density for the dark matter, DM / 3 . Shocks increase the entropy of the core gas and cause temperatures to rise with relatively little change in density. In contrast, the dark matter evolves at roughly constant phase-space density. As a result, the gas density in the cluster core is only 0.07 times the dark matter density, whereas a ratio of g=(1 g) = 0:11 would be expected if the two distributions were identical. . The equilibrium temperature is therefore nearly constant in the inner region and drops approximately as r 1=2 in the outer region. The thick dotted line in Figure 9 shows the gas temperature in Bertschinger's (1985) similarity solution. In this model the temperature increases inwards from the shock and approaches an r 1=4 power-law near the centre. In the outer cluster this model gives an acceptable match to the simulations, but in the inner parts it overestimates the temperature just as it overestimates the density (see Figure 6 ).
Temperature pro les
The temperature pro les that we nd agree with that of Evrard (1990b) but disagree with that of Thomas and Couchman (1992) . (Since the average temperature of the cluster in each of these studies is 10 
This seems unlikely to be the source of the problem given the dramatic di erence between the two earlier simulations. It is possible that Thomas and Couchman's cluster is simply an atypical example.
Hydrostatic equilibrium and binding mass estimates
Using the density and temperature pro les derived in the preceeding subsections we can quantify how well hydrostatic equilibrium describes the intracluster medium of our simulated clusters. For real clusters the interpretation of X-ray data, and in particular the estimation of cluster mass, is usually based on the assumption that the gas is in equilibrium. Our simulations allow us to determine the accuracy of such estimates and to assess the biases which may arise when only incomplete information is available.
For a spherically symmetric cluster with the density pro le of eqn (7), the equation of hydrostatic equilibrium may be written as
In Figure 10 we compare the mass derived from this equation
with the actual mass, M tot , contained within radius r. Outside the region where gravitational softening is important, eqn (9) underestimates the true mass by up to 30%. As pointed out by Evrard (1990b) , this discrepancy re ects the existence of bulk motions in the gas whose kinetic pressure makes a non-negligible contribution to the total pressure support.
The importance of kinetic pressure in the simulations may be quanti ed by the parameter gas = mp 2 gas =kT, where gas is the velocity dispersion of the gas particles. For hydrostatic equilibrium, gas = 0. The values of gas for our simulated clusters (Table 3 ) range between 0:1-0:3 and are large enough to account for the discrepancy between the true mass and that estimated from eqn (9) and for the fact that the measured temperatures in Figure 9 fall slightly below the \virial temperature." The magnitude of the residual bulk motions depends on the detailed dynamical history of the system so a constant \fudge factor" for the mass estimates, as proposed by Evrard (1990b) , is a rather crude approximation. Systems that have not experienced recent mergers (eg the solid curve in Figure 10 ) satisfy eqn (9) very well at all radii. Although the ASCA X-ray satellite is now beginning to measure gas temperature pro les in clusters, for most objects only a single emission-weighted temperature is currently available. In this case, the gas is commonly assumed to be isothermal and the logarithmic derivative of the temperature in eqn (9) set equal to zero. The resulting mass estimates are shown in the lower panel of Figure 10 . In most cases, the true mass is underestimated by a similar factor to that obtained when the temperature pro le is known, reecting the fact that the temperature distribution of our clusters is close to isothermal in the region where most of the X-ray emission is produced.
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We now examine how well our simulated clusters obey the scaling relations described in the Introduction. The lled circles in Figure 11 show correlations between X-ray and dynamical properties for clusters CL1-CL6. (The lled triangles correspond to our \preheated" gas simulations and the crosses to data for real clusters; these will be discussed below.) Here, we consider the properties of the clusters at z = 0, rather than those of the \equilibrium" con gurations discussed in the three preceeding subsections. Numerical values of the quantities plotted are given in Table 1 .
The solid lines in Figure 11 show the scaling relations derived from eqns (1) results from the fact that the gas is incompletely thermalized and thus not in strict hydrostatic equilibrium. This also a ects the T-DM relation.
Sensitivity to numerical parameters
The resolution of our simulations is determined primarily by the total number of particles, N, which e ectively sets the minimum value of the gravitational softening, hg, required to suppress two-body relaxation. Figure 12 shows the e ect of increasing and decreasing the number of particles in the CL1 cluster by factors of 3 and 2 respectively. The largest simulation (dotted lines, run CL1 3) has total N ' 70; 000 and the smallest one (dashed lines, run CL1=2) has N ' 11; 000. The solid lines correspond to the original CL1 simulation. Even though the total number of particles varies by a factor 6, the density and temperature pro les are practically indistinguishable.
As shown in Tables 1 and 3 , dynamical properties are also in good agreement in the three runs (CL1, CL1 3 and CL1/2). For example, the residual bulk motions of the gas ( gas in Table 3 ) are fairly insensitive to N and thus seem to be una ected by discreteness e ects in the evolution of the cluster potential. Even the X-ray luminosity, the quantity most sensitive to numerical resolution because of its strong dependence on central density, seems to have converged. Increasing N by a factor 3 increases L X by less than 10% although decreasing N by a factor of 2 causes L X to drop by 30%. Decreasing the number of particles even further results in severe underestimates of the total X-ray luminosity of the cluster. This is shown in Figure 13 , where we plot how L X depends on the total number of gas particles inside r 200 (Ngas). Only when Ngas is larger than about 2; 000-3; 000 do the X-ray luminosity estimates seem to be reliable.
Other factors that may in uence the central regions of a cluster, and therefore might spuriously a ect the Xray luminosity of a simulated cluster, include the choices of gravitational softening, initial redshift, and SPH smoothing lengths. We have carried out a number of experiments to test these possibilities. Varying hg from 100 to 200kpc, 1+z i from 4:74 to 9:48, and requiring 100 neighbours instead of the usual 32 in the SPH smoothing algorithm cause, however, little change in the X-ray luminosities at z = 0 for simulations with our standard particle number. Therefore, we conclude that the density pro les of these clusters have a well-de ned \core" that is resolved in our simulations at z = 0. (We use the term \core" here rather loosely to signify the radius where the total X-ray luminosity starts to converge.) Inside this \core" the density is not constant, but its logarithmic slope is relatively shallow, so that once the numerical resolution is good enough, further improvements have no appreciable e ect on L X . Note that were this \core" produced by the gravitational softening we would not recover the L X / T 2 relation predicted by the scaling laws, since hg does not scale from cluster to cluster. The gravitational softening was kept constant in physical units, and so the softened region is a di erent fraction of the virial radius in di erent clusters (cf. Figure 6) .
The e ects of limited numerical resolution can have dramatic e ects on the evolution of the X-ray luminosity. At early times clusters are less massive and therefore more poorly resolved than at late times. This problem is compounded by the fact that at early times the gravitational softening, which is xed in physical units, is a larger fraction of the virial radius. As shown by the z = 1 density pro les in Figure 7 , these two e ects signi cantly limit the central density that a cluster can attain. At this redshift our clusters contain typically no more than 400 particles inside their virial radii. Figure 13 shows that this must severely compromise numerical estimates of their X-ray luminosity of a cluster, leading to a systematic underestimation of L X at high redshift and to a breakdown of the scaling behaviour. An e ect of this magnitude is expected due to lack of resolution at this redshift (see Figure 13 ). This is illustrated in Figure 11 where we plot the L X -M 200 relation for the progenitors of clusters CL1-CL6 at z = 1 (open circles).
The dashed line shows the expected behaviour predicted by eqn (2). The redshift evolution of the simulated clusters is much weaker than the (1 + z) 7=2 dependence implied by the scaling laws; they are about 4 times less luminous than predicted. An e ect of this magnitude can be entirely due to lack of resolution at this redshift, as shown in Figure 13 . Although based on the present set of simulations we cannot demonstrate that the redshift evolution agrees with the theoretical expectations, the similarity of the \scaled" clusters in the regions not a ected by numerical limitations leads us to suggest that the pro les shown in Figure 6 are generic for clusters formed in this model, and that the departure of simulated clusters from the predicted evolutionary behaviour is likely to be due mainly to resolution e ects.
The dependence of the estimated X-ray luminosity on numerical resolution is not surprising but has sometimes been overlooked. Kang et al. (1994) and Bryan et al. (1994) interpreted a discrepancy between the redshift evolution of the X-ray luminosity and the scaling laws as a genuine pre-11-AUG-94 8 Navarro, Frenk and White diction of their models rather than as a re ection of their numerical limitations. For the same reason, their conclusions regarding clusters at the present epoch may also be a ected by resolution e ects. Since their clusters were identi ed in single simulations of cosmological volumes, they are resolved to varying degrees. Poorer clusters have smaller numbers of particles and subtend fewer resolution lengths. As a result their central densities and X-ray luminosities may be systematically underestimated by a larger factor than those of richer clusters. This would lead to a steeper L X -T relation than the scaling laws predict. At z = 0, our simulations are not a ected in this way because we use approximately the same number of particles to simulate clusters of di ering mass. Our derived L X -T relation thus agrees remarkably well with the theoretical scaling relation.
COMPARISON WITH REAL CLUSTERS
Gas density pro les
The gas density pro les discussed in Section 4.2 are moderately well t by the \ -models" (eqn 7) often used to describe observed clusters. Since the core regions of real clusters are a ected by cooling processes which we have neglected, we limit our comparison to the outer pro le, as measured by the parameter f . As noted by Evrard (1990a) , typical values of f found in simulations of this kind are 0:8, rather than 0:6, the value inferred for most observed clusters from their X-ray surface brightness pro les. However, this comparison can be misleading. Since eqn (7) is not a perfect description of our models, the \best" value of f depends on the range of radii used for the t. We illustrate this in Figure 14 by plotting the value of f derived for the ensemble of Figure 6b to the ROSAT observations of the Coma cluster reported by Briel et al. (1992) . The trend in the real data is similar to that found in the simulations. In most cases, the observations become noisy well inside the virial radius and this may account for the low f values measured. As discussed by Evrard (1990a) , a further bias could result from incorrect background substraction. The f values for real clusters lie slightly below those for the simulations but overall there is reasonable agreement. Higher signal-to-noise observations should help to clarify these issues.
Temperature pro les
The temperature pro les of our clusters are characterized by a near-isothermal region extending to r 0:5r 200 and a gradual decline to about half the central value near r 200 .
Pro les for many real clusters should soon be available from observations with the ASCA satellite, but for the time being we compare our results with the Coma cluster for which a radial temperature pro le has been measured to 1 Mpc (Watt et al. 1992) , about 1=3 of the virial radius. In this region, the cluster is very close to isothermal. Although the temperature further out has not been directly measured, detailed modelling of X-ray and optical data by Hughes et al. (1988a,b) suggests a drop in temperature similar to that seen in our models. Hughes et al. derive a polytropic index, ' 1:6 for the outer parts of Coma. Values of obtained by tting a power law to the temperature pro les of our clusters in the range 0:4 < r=r 200 < 1 (see Figure 9 ) are listed in Table 2 . These values are somewhat lower than the value quoted by Hughes et al. but, given the considerable uncertainty in the analysis of the data, we conclude that, as with the density pro les, the temperature pro les of our simulated clusters are consistent with those inferred for real clusters.
Correlations
X-ray luminosities, gas temperatures and galaxy velocity dispersions for various samples of clusters are plotted in the correlation diagrams of Figure 11 . The crosses represent data from Edge and Stewart (1991a,b) , Henry and Arnaud (1991) , David et al. (1993), and Bahcall (1993) . Starred polygons correspond to two Hickson groups (HG92 and HG62) recently detected with ROSAT (Mulchaey et al. 1993, Ponman and Bertram 1993) .
The fundamental L X -T relation for the data obeys the well known law, L X /T 3 , with the two Hickson groups falling on the extrapolation of the relation for rich clusters. This is signi cantly steeper than the corresponding relation for our simulated clusters which closely follow the scaling law of eqn (2), L X / T 2 . Thus, at low temperatures, our models give about an order of magnitude higher X-ray luminosity than is observed. The discrepancy between our models and the observed L X -T relation is re ected in the L X -plane although in this case the scatter in the data is larger. By contrast, the observed T-relation does not show any systematic deviation from the relation obeyed by our models, T / 2 , appropriate to an isothermal gas in hydrostatic equilibrium. However, the scatter in the data is larger than in the models, a feature related to the \ -discrepancy" which we discuss in some detail below.
Several suggestions have been put forward to explain why the simple nonradiative models fail to account for the observed L X -T relation. One possibility is that the gas fraction increases with cluster temperature (David et al. 1990 , Arnaud et al. 1992 . Another is that cooling preferentially depresses the luminosity of poorer clusters. A third (which we discuss further below) is that the central gas densities and core radii vary systematically with temperature, as expected if the intracluster medium were heated to relatively high entropy at early times.
The \ -discrepancy"
The \ -discrepancy" in clusters is a problem which has exercised X-ray astronomers for many years. It refers to a discrepancy which arises when attempting to t cluster data
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Simulations of X-ray clusters 9 to the -model proposed by Cavaliere and Fusco-Femiano (1976) . This model assumes that clusters are spherical, are in hydrostatic equilibrium, and that both the intracluster medium and the galaxies may be modelled as isotropic isothermal \gases" with density pro les given by eqn (7). With these assumptions the hydrostatic equilibrium equation can be integrated immediately to give the gravitational potential of a cluster, 
Note that the density corresponding to this potential falls as r 2 at large radii and that it cannot be cast in the form of equation (7). Since gas and galaxies are in equilibrium in the same potential well, equation (10) 
The galaxy distribution is often modelled by King's approximation to the core of an isothermal sphere (eqn 7 with f = 1). In this case, the slope of the gas density pro le, f , should equal T . As we saw earlier, ts to X-ray surface brightness pro les typically give f ' 0:6 (Bahcall and Sarazin 1977 , Mushotzky 1984 , Jones and Forman 1984 , whereas measurements of gas temperatures and galaxy velocity dispersions give T ' 1. (Many values of T which were found to be signi cantly greater than one in early studies have subsequently been revised downwards as a result of improved velocity dispersion determinations. Edge and Stewart (1991a,b) obtained h T i = 0:91 0:08 for 23 clusters, almost identical to the value obtained by Bahcall and Lubin (1994) from a larger compilation.) Clearly, either one or more of the assumptions of the above model is invalid or some of the measurements are in error. If we assume the \galaxies" to be distributed in the same way as the dark matter in our simulations, and we analyze them in the same way as the real data, we nd a similar \ -discrepancy". When we t the gas density pro les in the inner parts only, we obtain, f ' 0:6 (Figure 14) , while a comparison of the velocity dispersion of the dark matter with the emission-weighted X-ray temperature yields T ' 1 (column 2 of Table 3 ). This apparent discrepancy is readily explained as follows: (i) the model gas density pro les become steeper with radius so that if eqn (7) is tted to the entire radial range (not just to the inner parts), the mean value of f for our six clusters is f = 0:82 0:06, not f = 0:6 (Table 2) ; (ii) the dark matter density pro le is shallower than King's approximation and has h f i = 0:86 0:11 (Table 2 ) rather than f = 1. Hence f = f T as expected.
It is quite likely that a similar resolution of the \ -discrepancy" applies to real clusters. As we showed in Section 4.1, the available data suggest that their gas density pro les di er from perfect -models in the same way as our simulations do. In addition, as Bahcall and Lubin (1994) have emphasized, the galaxy density pro le in real clusters is better t by f ' 0:8 than by f ' 1. It is clear that since the gas and galaxy distributions in clusters are neither isothermal nor perfect ts to equation (7), an analysis in terms of these models must be treated with some caution.
Our results are similar to those of Evrard (1990a,b) , but our interpretation is slightly di erent. Evrard's clusters also exhibit a -discrepancy, but the values of f and T he derives are signi cantly larger than ours. His value of T ' 1:2 exceeds ours because he used a mass-weighted temperature whereas we use an emission-weighted temperature. Since the models are not isothermal, the two weightings give di erent results. The emission-weighted temperature is closer to the quantity measured for real clusters. In Table 3 we compare values of T using emission-weighted (T X ) and mass-weighted (Tm) temperatures for the clusters as a whole (r 200 ) and for the inner regions alone (r 1000 ).
(All columns in this table except the last one refer to the \equilibrium" con gurations discussed in Section 4.2; r 1000
is the radius of a sphere of mean overdensity 1000.) Evrard ascribed the -discrepancy in his models to a combination of incomplete thermalization of the gas and to anisotropies in the velocity distribution of the dark matter. Incomplete thermalization is evident in our models also, but, as Table 3 shows, it has a relatively weak e ect on the estimate of T when emission-weighted rather than mass-weighted temperatures are used. Once these e ects are taken into account, our results are in good agreement with Evrard's and with those of Thomas and Couchman (1992) .
The largest values of T occur in clusters which have undergone recent mergers. Mergers stir up the gas in the outer parts and the resulting departure from hydrostatic equilibrium can give rise to values of T as large as 1:4. This is illustrated in the last column of Table 3 which gives data for clusters identi ed at z = 0 (within r 200 ), rather than for the \equilibrium" con gurations discussed above.
At z = 0 only CL1 and CL6 are undisturbed and these have T (T X ) ' 1. Provided the measured galaxy velocity dispersion is reliable, values of T signi cantly in excess of one can be taken as an indicator of recent merger activity.
None of our clusters has a T value signi cantly below unity, yet there are several clusters in the samples of Edge and Stewart (1991a,b) and Lubin and Bahcall (1993) , particularly low-temperature clusters, with T < 1. Unless the temperature of these clusters has been overestimated, such low values of T indicate a bias in the galaxy velocity dispersion similar to that seen in the simulations of Carlberg and Couchman (1989) , Carlberg and Dubinski (1991) , Couchman and Carlberg (1992) , Katz et al. (1992) and Evrard et al. (1994a) . Such \velocity bias" should in principle be observable in the form of a steep number-density pro le for the galaxies (i.e. in a large value of f ).
\PREHEATED" GAS
We have seen that a simple model in which the intracluster medium originates from an initially cold, nonradiative gas leads to density and temperature pro les which resemble those observed in real clusters. Nevertheless, the X-ray luminosities of our clusters do not match observations very well. In particular, the predicted correlation between X-ray luminosity and temperature is too shallow (L X / T 2 rather than L X /T 3 ) and, for realistic cluster mass functions, the amplitude of the X-ray luminosity function increases with redshift, in con ict with observation. Since most of the X-ray luminosity originates in the cluster core, it seems worthwhile to investigate variants of the simple model which modify the state of the gas in the inner regions. One such variant, originally proposed by Kaiser (1991) and Evrard and Henry (1991) , replaces the assumption that the gas is initially cold with the assumption that it was heated prior to cluster collapse by non-gravitational processes associated with galaxy formation. Placed on a high initial adiabat, the gas in the central regions is less a ected by shocks and evolves at nearly constant entropy. Eqns (1) and (3) give the scaling laws describing a cluster population in which all clusters are assumed to be isothermal and to have the same central speci c entropy.
To investigate this model in a quantitative fashion, we repeated the CL1, CL3 and CL5 simulations, this time setting the initial temperature of each gas particle so that its speci c entropy was about the same as the nal value attained in the core of CL1, our most massive cluster (see Figure 4d) . The resulting three simulations are labelled EP1, EP2 and EP3 (see Table 1 ). The right-hand panel of Figure 8 shows that the core regions of the preheated clusters do indeed evolve isentropically. As a result, the central gas density no longer exhibits the scaling behaviour of our earlier models. This is illustrated in Figure 15 where the thick solid line shows the ensemble t to the density pro le of the (initially cold) clusters of Figure 6b . The central overdensities of the new models are lower and depend on the mass (or temperature) of the cluster. Cooler clusters have lower central overdensities than hotter clusters. Note, however, that changes due to the preheating are seen only in the central regions. In the outer cluster the density pro les are almost unchanged.
Since the e ects of preheating are greater in cooler clusters, X-ray luminosity increases more rapidly with mass and temperature in this model. This is shown in the two central panels of Figure 11 where the EP clusters are represented by solid triangles. The dotted lines indicate the prediction of eqn (3) for evolution at constant central entropy. The simulations agree extremely well with this prediction and give a much better t to the observed L X -T correlation (crosses and stars) than the initially cold clusters. Because of the numerical limitations discussed in Section 3.6, we cannot reliably determine the evolution of the X-ray luminosity function. However, the scaling relations obeyed by our clusters at z = 0 imply that the L X -T correlation should be independent of redshift and this, in turn, predicts a decline in the abundance of high luminosity clusters with increasing redshift. The rate of evolution depends on the initial uctuation spectrum and for plausible choices it appears to be comparable to that seen in the limited datasets available Henry 1991, Castander et al. 1994) . Finally, we note that the anticorrelation between the core radius (in units of r 200 ) and mass seen in Figure 15 implies that the core radius of the gas distribution (in physical units) is essentially independent of mass. This agrees with the scaling, rcore / M 1=6 , expected if all clusters have the same central entropy (cf. eqns 1 and 3).
CONCLUSIONS
Our simulations of cluster formation make similar physical assumptions and employ similar numerical techniques to those of Evrard (1990a,b) . Nevertheless there are some signi cant di erences; the present experiments have better resolution, follow clusters with a wider range of mass, and choose clusters according to the nal nonlinear mass distribution rather than the initial linear overdensity eld. Although our results agree well with Evrard's earlier work, we have chosen to address somewhat di erent issues. In particular, we have investigated whether, in the absence of cooling or heating, the distributions of mass and of gas can be treated as varying from cluster to cluster only through a scaling with size and age. We have also explored a model in which the gas is assumed to be heated before cluster collapse. Our main conclusions are the following. 1) In a at universe cluster formation by hierarchical clustering does indeed lead to objects whose properties scale at least approximately with size and age. Measuring radii in units of the radius enclosing a mean mass overdensity of 200, densities in units of the cosmic mean, and temperatures in units of the corresponding virial value, we nd that (to within a factor of 2 and over the limited radius range modelled reliably in our simulations) the density and temperature pro les have a shape which depends at most weakly on time and on cluster mass. This result is expected, since the CDM power spectrum is virtually scale-free over the relevant range of length-scales and, in the absence of heating and cooling processes, there are no characteristic physical scales in the problem. Our success in verifying this scaling over a wide range of physical and numerical parameters suggests
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2) Gas and dark matter evolve di erently in the cores of clusters. Shocks cause a continual increase of gas entropy, while the maximum phase space density of the dark matter remains approximately constant. Numerical resolution is a signi cant limit on our ability to study dark matter cores but may not a ect our estimates of the central thermodynamic properties of the gas. Although simulations with better resolution are required to con rm this conjecture, we note that Pearce et al. (1994) come to very similar conclusions on the basis of their more schematic but higher resolution simulations of cluster merging.
3) Our equilibrium clusters have X-ray properties which obey the standard scaling laws (e.g. Kaiser 1986). In particular, at z = 0 our clusters satisfy L X / T 2 very well, and we nd that clusters of a given mass are more luminous at higher redshift. Unfortunately, our simulations have insu cient resolution for a proper test of the scaling of luminosity with redshift. Previous studies using Eulerian hydrodynamic techniques (e.g. Kang et al. 1994 , Bryan et al. 1994 ) are likely to have predicted incorrect evolutionary behaviour and an incorrect L X { T relation because of poor resolution in the central regions of clusters.
4) The dark matter and the gas have similar density pro les in our equilibrium clusters, but the gas is slightly 5) The parameter T = mp 2 DM =kT is close to unity for our equilibrium clusters provided emission-weighted temperatures are used. Larger values are often associated with ongoing mergers. None of our simulated clusters has T much less than 1, suggesting that \velocity bias" (i.e. a lower velocity dispersion for the galaxies than for the dark matter) may be substantial in those clusters observed to have < 1. In our models, as in real data, T > f . As has been frequently noted (e.g. Sarazin 1988 , Evrard 1990b , Bahcall and Lubin 1994 this infamous \ -discrepancy" can be traced to the fact that the galaxy and dark matter distributions are not well represented by King's approximation to the core of an isothermal sphere. 6) Although formation models with a nonradiative and initially cold gas match most observed properties of clusters, their core structure results in X-ray luminosities which obey neither the observed scaling with temperature nor the observed evolutionary trend. As pointed out by Kaiser (1991) and Evrard and Henry (1991) , models in which the gas initially has high entropy are in much better agreement with observation. Such preheating only a ects the core properties of the gas; the outer density pro les are essentially unchanged. However, since observed cluster cores often have short cooling times, it is di cult to imagine that their speci c entropy is constant and re ects processes occurring prior to cluster formation. It is unlikely that a full explanation of the X-ray properties of clusters will emerge before the role of cooling in cluster cores is properly understood. Evolution of the distribution of gas (left) and dark matter (right) for cluster CL1. This is the most massive cluster in our ensemble of simulations. The epochs shown correspond to redshifts 2, 1, 0.4, and 0. Units are in physical kpc for H 0 = 50 km s 1 Mpc 1 . Note the resemblance between the distributions of gas and dark matter at all times. Evolution of the hydrodynamic properties of the intracluster gas in the six CL clusters. The \density" and \temperature" panels show the time evolution of the core (solid line), main body (dotted line), and outer boundary (dashed line) of the cluster. These properties were obtained by averaging over 10% of the particles which are nearest the core, half-mass radius and outer boundary respectively. The gas density and entropy are in code units (x2:3). For clarity, the temperature curves have been shifted downwards successively by one order of magnitude. The X-ray luminosity includes the emission due to all particles which at z = 0 make up each cluster. The \entropy" panel shows the evolution of the core and boundary of each system only. The initial entropy of \pre-heated" clusters (EP series) is shown by a horizontal dotted line. Units are given in x2:3. 
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Figure 6: Scaled density pro les of CL clusters. The solid line segment in the upper panel has the slope, / r 2 , of an isothermal sphere. Gravitational softenings are shown as small vertical lines with the same line type as the corresponding pro le. The lower panel also shows the best ensemble t using the isothermal -model (thick solid line) and Bertschinger's (1985) self-similar solution (thick dotted line). Figure 6 , but for clusters identi ed at z = 1. The thick curves are the same as those shown in Figure 6 . Note that at this earlier time, the pro les deviate from the z = 0 ensemble ts at increasingly large radii because the number of particles in each cluster is smaller and the gravitational softening lengths (shown as vertical lines) become an increasingly large fraction of r 200 . Outside the core, the pro les are very similar to those at z = 0. Correlations between the bolometric X-ray luminosity, total mass (at mean density contrast 200), 1-D dark matter velocity dispersion, and X-ray emission-weighted temperature, for CL clusters ( lled circles) and pre-heated clusters ( lled triangles). Observational data compiled from sources quoted in the text are plotted as small crosses and starred polygons. Solid lines show the scaling relations (eqns 1 and 2) appropriate to an initially cold gas; dotted lines show the corresponding relations (eqns 1 and 3) for the case when all clusters have the same initial minimum entropy. Open circles in the luminosity-mass panel represent the progenitors of CL clusters at z = 1 and the dashed line shows the evolution expected from the scaling relations. The weaker evolution seen in the simulations re ects the fact that clusters identi ed at high redshift are more poorly resolved. Figure 12 : Scaled density and temperature pro les for simulations with the same initial conditions as CL1 but with 3 times the total number of particles (70000 particles in total; dotted line) and 1=2 the total number of particles (11000 particles in total; dashed line). The solid line shows the pro les for the CL1 cluster. No signi cant di erences are noticeable. Figure 13: The dependence of the X-ray luminosity of cluster CL1 at z = 0 on the number of particles used in the simulation. Luminosities are in erg/s, and Ngas is the number of gas particles inside the virial radius of the cluster. In order of decreasing Ngas, the points correspond to runs CL1 3, CL1, CL1=2, (see Table 1 ). The other two runs correspond to decreasing the number of particles of the CL1 run by factors of 3 and 6, respectively. The dependence of the parameter f (eqn 7) on the outermost radius, rmax, used in the t. Open circles represent the simulated clusters. Filled circles correspond to the eight clusters from Jones and Forman (1984) for which rmax can be estimated (see text and their Figures 1 and 2 ) and to the Coma cluster from the results of Briel et al. (1992) . In both models and real data, lower values of f are obtained for lower values of rmax.
14 Navarro, Frenk and White Figure 6 , but for clusters with pre-heated gas (EP in Table 1 ). The three clusters have the same initial central entropy. More massive clusters have higher central densities and smaller core radii (in units of their virial radii) than smaller clusters.
